Abstract Inhibitory transmission controls the action potential firing rate and pattern of Purkinje cell activity in the cerebellum. A long-term change in inhibitory transmission is likely to have a profound effect on the activity of cerebellar neuronal circuits. However, little is known about how neuronal activity regulates synaptic transmission in GABAergic inhibitory interneurons (stellate/basket cells) in the cerebellar cortex. We have examined how glutamate released from parallel fibers (the axons of granule cells) influences postsynaptic alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors in stellate cells and modulates γ-aminobutyric acid (GABA) release from these neurons. First, we found that burst stimulation of presynaptic parallel fibers changes the subunit composition of post-synaptic AMPA receptors from GluR2-lacking to GluR2-containing receptors. This switch reduces the Ca 2+ permeability of AMPA receptors and the excitatory postsynaptic potential amplitude and prolongs the duration of the synaptic current, producing a qualitative change in synaptic transmission. This switch in AMPA receptor phenotype can be induced by activation of extrasynaptic N-methyl-D-aspartate (NMDA) receptors and involves PICK1 and the activation of protein kinase C. Second, activation of presynaptic NMDA receptors triggers a lasting increase in GABA release from stellate cells. These changes may provide a cellular mechanism underlying associative learning involving the cerebellum.
Neuronal activity can induce a lasting change in the efficacy of synaptic transmission in the cerebellum. Longterm synaptic plasticity within the cerebellar circuit is thought to underlie the associative learning that involves the cerebellum [1] [2] [3] [4] [5] . For example, associative eyelid conditioning leads to a sustained decrease in action potential firing in Purkinje cells [3] . This is often attributed to a reduction in synaptic transmission at the parallel fiber to Purkinje cell synapse ("cerebellar LTD"; see review by Hansel et al, [6] ). However, Purkinje cells are also innervated by inhibitory stellate and basket cells in the molecular layer of the cerebellar cortex, and an enhanced inhibitory transmission is also expected to modulate the firing rate and pattern of Purkinje cells [7] [8] [9] . We have therefore examined whether physiologically relevant neuronal stimuli can alter synaptic transmission in cerebellar stellate cells.
Stellate cells receive excitatory inputs from parallel fibers (PF), the axons of granule cells. Both long-term potentiation (LTP) and cerebellar long-term depression (LTD) have been observed at this synapse, and LTP requires NO production [10] . The excitatory post-synaptic currents (EPSCs) at the parallel fiber to stellate cell synapse are predominantly mediated by alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors that lack GluR2 subunits [11, 12] . These receptors are permeable to Ca 2+ and have a large single-channel conductance [13, 14] . In contrast, receptors that contain GluR2 subunits are Ca previous studies showed that repetitive activation of synaptic Ca 2+ -permeable AMPA receptors can induce a switch in the subunit composition of synaptic AMPA receptors from GluR2-lacking to GluR2-containing receptors [11] . A recent in vivo study demonstrated that sensory stimulation can evoke a burst of action potential firing in granule cells [16] . We therefore tested whether a burst stimulation of parallel fibers that activated extrasynaptic Nmethyl-D-aspartate (NMDA) receptors [12, 17] could also alter the synaptic AMPA receptor phenotype.
In these experiments, the subunit composition of synaptic AMPA receptors in stellate cells was determined from the current (I)-voltage (V) relationship of EPSCs when spermine was included in the patch electrode. An inwardly rectifying I-V relationship would suggest the presence of Ca 2+ -permeable, GluR2-lacking AMPA receptors, whereas a linear one would indicate GluR2-containing receptors [18] [19] [20] [21] . We found that bursts of PF stimulation in the presence of an AMPA receptor blocker altered the I-V relationship from being inwardly rectifying to linear, giving rise to an increase in rectification index. These changes occurred at a near physiological temperature (Fig. 1a) . This result indicates that the number of GluR2-containing AMPA receptors increased at the synapse [22] . The increase in rectification index was completely blocked by an NMDA receptor blocker, CPP (3-((R)-2-Carboxypiperazin-4-yl)-propyl-1-phosphonic acid), and could be induced by a brief application of NMDA and glycine [22] . Therefore, activation of NMDA receptors triggers the switch from GluR2-lacking to GluR2-containing receptors. This leads to a reduction in current amplitude at −60 mV and a prolonged decay time of the EPSCs.
This NMDA receptor-mediated change requires the activation of protein kinase C (PKC), since inclusion of PKC inhibitors, PKCI 19-36 and chelerythrine, in the postsynaptic electrode abolished the alteration in AMPA receptor phenotype. Conversely, activation of PKC by OAG and (−)indolactam-V increased the expression of Burst presynaptic stimulation Fig. 1 . Activity-dependent switch in AMPA receptor subtypes at the parallel fiber to stellate cell synapse. a Synaptic currents in a stellate cell exhibit an inwardly rectifying current-voltage relationship, a characteristic feature of GluR2-lacking AMPA receptors. Stimulation of PFs with a burst of four stimuli at 100 Hz, repeated 10 times at 1 Hz, changed the I-V relationship of spontaneous EPSCs from inwardly rectifying to linear. This suggests that synaptic AMPA receptors switched from GluR2-lacking to GluR2-containing receptors. This experiment was performed at 36°C. b Schematic of the mechanism underlying modulation at the parallel fiber-stellate cell synapse. During PF burst stimulation, glutamate released from parallel fibers activates synaptic AMPA receptors and extrasynaptic NMDA receptors. Ca 2+ influx via AMPA and NMDA receptors promotes PKC activation. PKC activates PICK, and PICK facilitates the delivery of GluR2-containing AMPA receptors to synaptic or extrasynaptic sites GluR2-containing receptors at the synapse [22] . It is known that activated PKC interacts with PICK1, which binds to GluR2 subunits and facilitates the targeting of GluR2 to spines in hippocampal neurons [23] . To test for a role of PICK1 in the insertion of GluR2 receptors, we used a peptide inhibitor (pep2-AVKI) that selectively binds to PICK1 and disrupts its interactions with GluR2 subunits. As predicted, inclusion of pep2-AVKI in the patch electrode prevented the increase in synaptic GluR2 receptors but did not interfere with the loss of GluR2-lacking receptors [22] . Thus, PICK1 is involved in the change in AMPA receptor phenotype that is induced by the activation of synaptic AMPA receptors [14, 24] as well as by activation of extrasynaptic NMDA receptors [22] .
To test whether the receptor switch requires transcriptional activity, we monitored the rectification index of EPSCs for several hours following the PF stimulation. We observed that the switch occurred within 30 min and lasted for at least 4 h. Actinomycin D, a transcriptional inhibitor, did not block the PF stimulation-induced switch in AMPA receptor phenotype (Liu et al, manuscript submitted).
Taken together, these results suggest that activation of extrasynaptic NMDA receptors can increase the expression of synaptic GluR2-containing AMPA receptors. This requires the activation of PKC and the interaction between PICK1 and GluR2 subunits but does not depend on transcription. Thus, synaptic activity can modulate AMPA receptor trafficking leading to an increase in the expression of synaptic GluR2-containing receptors (Fig. 1b) .
A possible mechanism suggested by our work and that of other studies [11, 13, 14, 22, 24] is that PICK1 is involved in the activity-dependent insertion of GluR2-containing AMPA receptors to extrasynaptic (or synaptic) sites in stellate cells (Fig. 1b) . These extrasynaptic GluR2-containing AMPA receptors may then move laterally into the synapse. Both PKC activation and PICK1-GluR2 interactions are also required for LTD at the parallel fiber to Purkinje cell synapse, suggesting that PICK1 facilitates the removal of synaptic GluR2-containing receptors in Purkinje cells [25] [26] [27] [28] . A study using a mutant mouse that lacks PICK1 revealed that GluR2 proteins accumulate at extrasynaptic regions and intracellularly within Purkinje cell spines [28] . In contrast, deletion of PICK1 reduces somatic GluR2-containing AMPA receptors in stellate cells [24] . While synaptic plasticity at both the PF to stellate cell and PF to Purkinje cell synapse requires PICK-GluR2 interactions, the mechanism(s) by which PICK1 produces opposing actions at these two synapses, remains to be determined.
Stellate cells innervate Purkinje cells. At this synapse, inhibitory synaptic transmission undergoes a lasting potentiation following postsynaptic depolarization due to the activation of excitatory climbing fiber inputs [29, 30] . This potentiation arises from an increase in the postsynaptic γ-aminobutyric acid (GABA) A receptor sensitivity and can be suppressed by activation of postsynaptic GABA B receptors [31, 32] . Stellate cells also innervate other stellate cells forming inhibitory networks. We therefore examined whether glutamatergic synaptic activity could also regulate GABA release from stellate cells. Evoked GABA release was monitored at an autaptic synapse, which allowed us to detect GABA release from a single axon. We found that the amplitude of inhibitory synaptic currents (IPSCs) increased following burst PF stimulation and lasted for at least 1 h [33] . This was associated with a decrease in the paired pulse ratio, a reduction in the coefficient of variation of IPSC amplitude, and an increase in the failure rate. These changes indicate that the increase in evoked IPSC amplitude arose from a potentiation in GABA release from stellate cells. PF stimulation also induced an increase in the miniature IPSC (mIPSC) frequency in stellate cells but not in the amplitude of mIPSCs [33] , again indicative of enhanced GABA release from stellate cells.
This increase in the secretion of GABA could be induced by application of NMDA and glycine and was completely blocked by CPP (an NMDA receptor blocker). It was not affected by NO synthase inhibitor, CBR1, mGluR, or β-adrenergic receptor blockers. Therefore, activation of NMDA receptors is required for the induction of the lasting increase in GABA release (I-LTP). Removal of Ca 2+ from extracellular solution during NMDA/glycine application prevented I-LTP, but inclusion of 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid in the patch electrode did not block I-LTP. This suggests that Ca 2+ entry via presynaptic NMDA receptors is important for the induction of I-LTP [33] .
Since the probability of GABA release from stellate cells has been shown to decrease during development [34] , we tested whether I-LTP was more likely to be induced in mature stellate cells that have an initially low release probability. Indeed, we found that I-LTP could be induced in stellate cells from P18 and older mice [33] but not from younger animals [35] .
In conclusion, our results show that burst stimulation of PFs can alter synaptic transmission in GABAergic stellate cells. We find several sites of modulation. First, there is a change in the postsynaptic AMPA receptor phenotype. This is predicted to modify action potential firing in stellate cells and thus inhibitory transmission in the cerebellum. Second, PF stimulation directly modulates GABA release from stellate cells. A lasting increase in GABA release from stellate cells is also likely to alter the action potential firing pattern and reduce the firing rate of both Purkinje cells and synaptically connected stellate cells. Both of these changes therefore appear likely to alter the output of this small cerebellar inhibitory circuit and contribute to associative cerebellar learning.
